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Abstract 
The tail gas from the barley straw to transport liquid production processes contains light hydrocarbons, N2, CO2, H2, 
and CO. It could combust as the fuel in the utility system for steam and power generation. Another tail gas treatment 
method is tail gas recovery to recycle H2 and CO back to the production process for more liquids production. In this 
work, four tail gas treatment scenarios are investigated to address quantitative correlation among H2 and CO 
recovery, product outputs, utility fuel selection, utility system performance, and CO2 emission. The production 
processes and utility systems are optimized simultaneously to reach the optimal production and utility system 
operation. From the research results, tail gas recovery by reforming would lead to the optimal economic performance 
for the whole process site system. However, the tail gas combustion as fuel in the utility plant can achieve a similar 
economic profit, but reduce CO2 emission about 20%. 
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1. Introduction 
Biomass is one of the alternative energy resources, and is identified as an attractive feedstock for 
green production, zero net carbon dioxide emission [1]. The agricultural, animal and industrial organic 
wastes might be biomass feedstock in biomass to liquid (BTL) processes [2]. 
There have been developed BTL process analysis [3] and experimental studies [4]. The production 
process synthesis [5] and the global optimization [6] are beneficial to improve the system economic 
performance [7]. However, in these publications, utility system configuration was not optimized with the 
production process at the same time. Furthermore, process tail gas and its effect on both the liquids 
production and utility system performance were not analyzed.  
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BTL process tail gas contains light hydrocarbons and unreacted H2 and CO. It can be used as fuels in 
the utility plant for steam and power generation or can be recycled to the production processes to recover 
H2 and CO to produce more products. The effect of tail gas treatment on process products, process 
heating, cooling, power, and electricity demands, utility fuel selection, utility system performance, and 
CO2 emission are addressed in this work.   
Production process integration with the utility system would enhance the energy efficiency and 
material production of the whole system. In this work, the processes of barely straw as the biomass to 
transportation liquid production are optimized taking into account four tail gas treatment scenarios, to 
achieve an optimal production processes and utility system operation.  
2. Production processes analysis and tail gas treatment  
For the barely straw to transportation liquid processes, the barely straw feed throughput is 100 t⋅h-1. 
Bio-oil is produced by fast pyrolysis process at 500 °C. Table 1 provides elemental analysis of barley 
straw, bio-oil and char [8]. The char and non-condensable gas is used in combustion to provide heating for 
the pyrolysis process.  
The bio-oil is then gasified at 1050 °C and 30 bar to generate syngas. The high temperature heat 
exhausted from bio-oil gasification and from the hot syngas is recovered for process heat integration and 
steam generation [9]. H2 /CO molar ratio in the syngas reaches the range of 2.06 to 2.10 after the 2- stage 
water gas shift at 450 °C and 325 °C. The heat released by the exothermic reaction is also recovered for 
process heating. Then, the syngas is purified via Selexol unit at -1 °C, 44 bar to implement acid gas 
removal. The purified syngas with CO2 concentration reduction less than 10 ppm is fed to Fischer–
Tropsch (FT) synthesis. The separated CO2 from the syngas is compressed to 80 bar and stored in 
underground site.  
Table 1. Elemental analysis of barley straw, bio-oil and char [8] 
 Element (wt %) HHV 
 (MJ⋅kg-1) Ash C H N S O 
Barley straw 2.37 46.86 6.15 0.78 0.15 43.69 16.6 
Bio-oil 0 50.78 3.20 1.37 0 44.65 24.2 
Char 20.90 66.57 2.71 0.92 0 8.90 24.7 
 
Straight-chain paraffins (C1 to C60) are converted the unit of FT synthesis, operating at 220°C and 25 
bar using cobalt (Co) as the catalyst. The products distribution is estimated using the Anderson-Schulz-
Flory distribution model [10]. The FT synthesis products are separated into FT syncrude and FT tail gas. 
The syncrude is refined by hydrocracking to produce gasoline, kerosene and diesel production at 360 °C 
and 25 bar. The syncrude refining exhaust as well as the FT tail gas would be treated as the process tail 
gas. 
The process tail gas contains light hydrocarbons (C1 to C4), N2, CO2, and unreacted H2 and CO. There 
are four scenarios of tail gas treatment, as follows.  
Case A: Tail gas as fuel in the utility plant 
Combusting tail gas in boilers and gas turbines followed by heat recovery steam generators (HRSG) 
provide the steam and power needed to satisfy the process demands. In most cases, the tails gas is only 
sufficient to satisfy process utility demands if it is used as a fuel in the utility systems. In this case, no 
extra fuel is required in the utility system.  
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Case B: Tail gas reforming for higher recovery of H2 and CO  
Eq (1) and Eq (2) show the reforming reactions that convert light alkanes C1-C4 in the tail gas into 
syngas consisting of CO and H2 at 200 °C, 2.5 MPa and 300 °C, 3.0 MPa for more CO and H2 recovery. 
In this case where the tail gas is used to generate syngas, the utility system requires additional fuel for 
heat and power generation. There is a trade-off between the economic performance due to the increase in 
syngas generation and the environmental impact attributed to CO2 emission resulting from extra fuel 
consumption in the utility system. 
( ) 4,3,2,1         H12COOHHC 2222 =++→++ nnnnnn
            (1) 
( ) 4,3,2,1         H1CO2COHC 222n2 =++→++ nnnnn
            (2) 
Case C: Membrane separation to recover H2 followed by pressure swing adsorption (PSA) to recover CO  
The tail gas is recycled to recover H2 via membrane separation (polyimide membrane) at the 
permeating pressure of 100 kPa(g), and CO by PSA adopting 5-1-1/RP VPSA technology with Cu+Y 
sorbent at the entrance pressure of 0.8 MPa(g). The recovery efficiency of H2 and CO is 93.3% and 
85.6% respectively. The residual gas containing low carbon alkanes is sent to the utility plant as fuel. This 
recovered H2 and CO would produce more liquid products. 
Case D: Tail gas cryogenic separation for H2 and CO recovery 
Multi-stages of condensation and flash can achieve alkanes separation from H2 and CO. For the case of 
3-stage cryogenic separation, H2 and CO are recovered from the top of the flash while alkane is 
condensed and separated from the bottom of the flash. The separated alkane is used as the fuel in the 
utility system while H2 and CO are recovered as syngas. Analogous to the scenario B, the residual gas 
containing low carbon alkanes tail is combusted in the utility plant.  
The choice of the tail gas treatment would change the feed to the FT synthesis, FT syncrude, fuel 
selection and fuel consumption in the utility system, and CO2 emission attributed to fuel combustion in 
the utility system. To note, the treatment for FT tail gas and syncrude refining gas might be different. 
Even for individual FT tail gas and the syncrude refining tail gas, part gas recovery and part gas 
combustion would lead to different production and utility system performance.  
The tail gas treatment plays an important role in the interaction between the processes and utility 
systems. 
3. Integration and Optimization of Production processes and the utility system 
Figure 1 shows the integration between the BTL process and utility system with the objective of 
achieving higher energy efficiency through effective production and utilization of heat and power. Utility 
system consists of boilerss (BOIL), gas turbines (GT), heat recovery steam generators (HRSG), steam 
turbines (ST), and other auxiliary components. The operational performance of the utility system, 
quantified by the amount of steam and power generation is determined by the system configuration and 
the specifications of individual equipment in term of equipment size, type, operating load, and its 
operational efficiency. 
In this work, a mixed integer linear programming (MILP) model was formulated to maximize the 
profit for the whole system comprising the production process and the utility system. Tail gas treatment 
selection, and utility system configuration and operation would be determined and optimized. Utility 
system decisions include equipment selection, equipment size, number, location in the systems, and 
natural gas supplement if the tail gas cannot generate enough power and steam in the utility system. 
CO2 emission is also considered in the optimization. CO2 is captured, compressed and stored in 
underground site. CO2 emission tax is incurred for the CO2 emitted from the non-condensable gases from 
fast pyrolysis unit and fuel combustion in the utility plant. 
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Fig. 1 Process integration between BTL process and utility system 
 
The objective of optimization is to maximize the economic potential of the whole system E, as a 
function of value of product (In), feed cost (Cfeed), operating cost (COP), capital cost (CAP) and CO2 
emission penalty (ECO2), shown in Eq (3). 
 
Max E= In
 
- Cfeed - COP - (CAPpro+ CAPhex+ CAPutil) - ECO2            (3) 
 
The products from BTL process are gasoline, kerosene and diesel oil. The feed cost Cfeed implies the 
cost of biomass and feed reactants in the production processes. Operating cost comprises the bio-oil 
transport cost and the operating cost of the utility system accounting for fuel consumption in boilers and 
gas turbines, electricity import or export to the grid, and boiler feed water in the system. Capital cost CAP 
composes process capital cost and utility system capital cost. The capital cost of each component in the 
utility system is determined by the equipment type, size and operating load. CO2 emission penalty ECO2 is 
calculated based on the assumption of 40 $/t CO2 emission tax.  
The equality and inequality constraints were formulated based on mass balance, energy balance, 
equipment operating performances for boilers, HRSG, gas turbines for power generation, gas turbine 
exhaust to HRSGs and steam turbines, equipment size limits, and other logic constraints. For example, at 
least one gas turbine or one boiler is in operation in the utility system. These constraints could not be 
violated during the optimization. The fuel in the system is either the tail gas or additional natural gas. The 
heating value of natural gas is 50244 kJ⋅kg-1. 
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Table 2. Price data 
Electricity import 
($/kW·h) 
Electricity Export 
($/kW·h) 
VHP steam 
($·t-1) 
Natural gas 
($·t-1) 
Fresh water 
($·t-1) 
BFW 
($·t-1) 
Gasoline 
($·t-1) 
Kerosene 
($·t-1) 
Diesel 
($·t-1) 
0.124 0.104 17.183 200 0.538 0.0242 1572 1500 1420 
 
In the optimization, the annual operating time is assumed to be 8600 h. Electricity is allowable to be 
imported or exported to the grid. Table 2 gives the unit price of fuel, water and power.  
The MILP model is solved using the DICOPT solver of GAMS 23.6 to obtain the optimal production 
and utility system configuration. 
The tail gas treatment affects values of products, CO2 tax, natural gas used as an additional fuel in 
utility plant, etc. FT tail gas recycled to the process by reforming operation (Case B) can achieve the most 
benefit. Figure 2 illustrates the optimized utility system configuration. In this design, both natural gas 
(flowrate = 0.72 kg/s) and the syncrude refining tail gas are combusted in the utility plant for power and 
steam generation. The additional fuel introduction to the utility system would lead to more CO2 emission 
from fuel combustion.  
Table 3 presents the optimization results with different tail gas treatment methods. The tail gas as fuel in 
the utility plant (Case A) has a similar economic performance compared with Case B. Even though there 
is no CO and H2 recovery from the tail gas, no extra natural gas introduction to the utility system is 
beneficial to reduce about 20% CO2 emission. 
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Fig. 2 Utility system configuration 
Table 3. Comparisons of tail gas treatments on the economy and CO2 emission 
Tail gas Products (t/h) Tailgas recovery 
 (t⋅h-1) 
Natural gas 
(t⋅h-1) 
Electricity export 
 (MW) 
Profit  
(M$⋅y-1) 
CO2 emission 
(t⋅h-1) 
treatment Gasoline Kerosene Diesel H2 CO     
Case A 2.754 4.342 3.429 0 0 0 47.95 108.77 23.95 
Case B 5.399 6.529 4.738 2.377 20.140 2.592 52.11 114.76 28.45 
Case C 3.732 5.226 4.180 0.916 6.738 0 48.24 69.811 29.46 
Case D 4.027 5.180 3.846 0.964 3.650 0 44.60 82.125 33.63 
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4. Conclusions 
Integration of utility systems and BTL production processes brings significant savings on economy 
and CO2 reduction. This work proposed a site- wise system optimization methodology to achieve the 
optimal system economic profit by taken into account of tail gas treatment scenarios, utility system 
configurations, and utility fuel selection.  
For barley straw as the biomass to liquid oil production, when tail gas recovery by reforming is 
economically preferred. However, the increased product yield through tail gas recovery needs the cost of 
extra natural gas combustion in the utility system and more CO2 emission. The tail gas treatment of as the 
fuel in the utility system can realize the whole system power and energy self-satisfaction. It is attractive 
from the CO2 emission reduction and no additional fuel in the utility systems. 
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